Members of the protein family of immunoglobulin A1 protease-like autotransporters comprise multidomain precursors consisting of a C-terminal autotransporter domain that promotes the translocation of N-terminally attached passenger domains across the cell envelopes of gram-negative bacteria. Several autotransporter domains have recently been shown to efficiently promote the export of heterologous passenger domains, opening up an effective tool for surface display of heterologous proteins. Here we report on the autotransporter domain of the Escherichia coli adhesin involved in diffuse adherence (AIDA-I), which was genetically fused to the C terminus of the periplasmic enzyme ␤-lactamase, leading to efficient expression of the fusion protein in E. coli. The ␤-lactamase moiety of the fusion protein was presented on the bacterial surface in a stable manner, and the surface-located ␤-lactamase was shown to be enzymatically active. Enzymatic activity was completely removed by protease treatment, indicating that surface display of ␤-lactamase was almost quantitative. The periplasmic domain of the outer membrane protein OmpA was not affected by externally added proteases, demonstrating that the outer membranes of E. coli cells expressing the ␤-lactamase AIDA-I fusion protein remained physiologically intact.
The secretion of proteins into the extracellular environment and surface display by gram-negative bacteria are of rising interest (13, 14) . However, the translocation of high-molecular-weight molecules in gram-negative bacteria is hampered by the cell envelope, consisting of two membranes that are separated by the periplasmic space. The outer membrane acts as a physiological barrier, allowing the uptake or secretion of lowmolecular-weight compounds by diffusion through the porins, while larger molecules require specialized transport mechanisms to cross the cell wall.
To facilitate the export of large proteins, gram-negative bacteria have evolved complex secretion pathways characterized by varying numbers of accessory proteins that are required for the translocation of specific target proteins across both membranes of the cell envelope. In both the type I secretion of Escherichia coli hemolysin (33) and the type II secretion of pullulanase from Klebsiella oxytoca (31) , the translocated proteins are secreted into the medium, whereas proteins secreted by the type III secretion systems of Salmonella (5), Shigella (27) , and Yersinia (6) species have been shown to be injected into eukaryotic cells (16) . However, in all three secretion pathways the complex interplay of the exported proteins with the accessory components is required.
In contrast, the immunoglobulin A1 (IgA1)-protease-like autotransporter secretion pathway (9, 18) , a system that was first discovered and extensively investigated for the IgA1 protease of Neisseria gonorrhoeae (20, 21, 30) , is characterized by a single self-translocating protein precursor. This precursor consists of a classic signal peptide for Sec-dependent secretion into the periplasm and a C-terminal autotransporter domain that mediates the translocation of one or more N-terminal passenger domains through the outer membrane (30, 34, 35, 38) . The autotransporter domain consists of a ␤-barrel, made up by 14 antiparallel membrane-spanning ␤-sheets, that is assumed to insert as a porin-like structure into the outer membrane, directing the export of the passenger domain (18, 22) . Figure 1A is a schematic illustration of the mode of action of autotransporters.
The ability of autotransporter domains to direct heterologous passenger proteins to the surface has been investigated in our laboratory for the autotransporter domains of the IgA1 protease of N. gonorrhoeae (20, 21) and AIDA-I (24), the E. coli adhesin involved in diffuse adherence (2) . In these studies, both autotransporter domains were shown to efficiently mediate the export of heterologous passenger proteins, such as the B subunit of cholera toxin (CTB), as well as defined epitopes, to the surfaces of E. coli and Salmonella enterica serovar Typhimurium cells. The amount of the heterologous passenger protein presented on the surface was up to 5% of the total bacterial protein in the AIDA-I system (24) , demonstrating the potential of autotransporters for biotechnological applications. The autotransporter domains of the Serratia marcescens serine protease (35) and the Shigella flexneri VirG protein (38) have also been successfully employed for surface display.
Possible applications for autotransporters include (i) the development of recombinant, live oral vaccines using attenuated bacterial vaccine strains, (ii) construction of bacterial whole-cell absorbents, (iii) export of protein domains for the study of receptor-ligand interactions, (iv) surface display of random peptide libraries, and (v) the export of biologically active proteins for biomedical and biotechnological use. In this communication we report on an example of the latter application, the export of enzymatic activity to the surfaces of E. coli cells by the autotransporter domain of AIDA-I using the periplasmic enzyme ␤-lactamase (Bla). We have constructed a genetic fusion of the bla gene and the gene encoding the autotransporter domain of AIDA-I, resulting in the export of Bla to the surfaces of E. coli cells and the stable display of active Bla on physiologically intact cells.
MATERIALS AND METHODS
Bacterial strains. All E. coli strains employed in this study are listed in Table  1 . For all purposes, the bacteria were grown at 28 or 37°C on Luria-Bertani (LB) agar plates supplemented with ampicillin (100 mg/liter) or chloramphenicol (30 mg/liter) when required.
Recombinant DNA and protein techniques. For the construction of the Bla-AIDA fusion, the bla gene was amplified by PCR from plasmid pJM7 (24) using oligonucleotide primers WS34 (5Ј-CCTTTCACCACCAGACGG-3Ј) and A3 (5Ј-GATCAGATCTAGACCAATGCTTAATCAGTGA-3Ј). The PCR fragment was hydrolyzed with ClaI and BglII, fused with the autotransporter portion of the gene encoding AIDA-I, and inserted into the Tet r gene of plasmid vector pACYC184 (32) . The resulting plasmid (pLAT202) contains a genetic fusion of the bla gene with the AIDA-I autotransporter domain; the expression of the corresponding fusion protein is driven by the promoter of the bla gene. The control construct (pLAT83) expressing wild-type Bla in the periplasm was obtained by the same strategy, replacing primer A3 with A2 (5Ј-GATCAGATCT AGATTACCAATGCTTAATCAGTG-3Ј), incorporating the stop codon of the bla gene. Plasmid pJM1013 is a medium-copy-number vector expressing the reporter epitope PEYFK fused to the AIDA-I autotransporter domain under the strong P TK promoter, similar to pJM22 (24) . The expression of the AIDA-I fusion proteins was analyzed by the separation of the outer membrane fraction of E. coli by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or by Western blotting using a rabbit antiserum raised against Bla. The trypsin accessibility of OmpA was examined by SDS-PAGE of E. coli membrane fractions and subsequent Western blot analysis. After SDS-PAGE the samples were transferred onto a Immobilon-P membrane (Millipore) and probed with the OmpA-specific antiserum AK57 (20) diluted 1:10,000 or the Bla-specific antiserum diluted 1:2,000 in Tris-buffered saline (TBS, consisting of 150 mM NaCl-50 mM Tris-HCl [pH 7.4]) supplemented with 5% skim milk powder (5% M-TBS). Unbound antibodies were removed by washes with TBS-T (0.05% Tween 20 in TBS), and the bound antibodies were detected by enhanced chemiluminescence (Amersham) using a goat anti-rabbit IgG-peroxidase conjugate (Sigma).
In vivo techniques. For whole-cell trypsin treatment, the bacteria were collected from the agar plates and resuspended in phosphate-buffered saline (PBS). Subsequently, the bacterial suspension was adjusted to an optical density at 575 nm (OD 575 ) of 10.0 and surface-exposed protein domains were cleaved by incubation of the suspension at 37°C for 10 min with trypsin at a final concentration of 50 mg/liter. To remove the trypsin after the reaction, the cells were washed twice in PBS by gentle centrifugation and subjected to further manipulations.
To determine whole-cell Bla activity, the cells were collected from agar plates and resuspended in PBS. The suspension was adjusted to an OD 575 of 10.0. Subsequently, 0.02 ml of this suspension was incubated at room temperature either with 50 l of a penicillin G solution (10 mg/ml) or with 10 l of a cephaloridine solution (5 mg/ml). After 10 min, PBS was added to a final volume of 1.0 ml. After a brief centrifugation at 13,000 ϫ g to remove the cells, the penicillin G or cephaloridine content of the supernatant was analyzed by spectrophotometry at 240 or 260 nm, respectively. As a control, the same assay was performed without incubation for 10 min to obtain normalized ⌬OD values for each experiment.
Purified TEM-Bla from E. coli was obtained lyophilized from Sigma (catalog no. P3553) and was reconstituted in PBS and adjusted to a concentration of 0.002 mg of protein/l, corresponding to a calculated enzymatic activity of 0.8 U/l with penicillin G as the substrate and 0.13 U/l with cephaloridine as the substrate.
Preparation of outer membranes of E. coli. Bacteria grown overnight were harvested from agar plates and resuspended in PBS. The suspension was passaged once through a French pressure cell at 20,000 lb/in 2 to lyse the cells. Large bacterial fragments and intact cells were sedimented from the opaque solution by centrifugation at 5,000 ϫ g for 5 min. To solubilize the inner membrane, Llaurylsarcosinate was added to a final concentration of 1% to the cleared solution. Subsequently, the outer membrane was separated from the cytoplasm and inner membrane by centrifugation at 20,000 ϫ g for 30 min.
RESULTS
Genetic fusion of the bla gene to the autotransporter domain of AIDA-I. The bla gene was amplified by PCR from plasmid pJM7 and genetically fused to the autotransporter domain of AIDA-I, and the gene fusion was inserted into the Tet r gene of plasmid vector pACYC184. The resulting plasmid (pLAT202) contains the Bla-AIDA-1 gene fusion, and the expression of the Bla-AIDA-I fusion protein is controlled by the native promoter of the bla gene. The fusion protein was termed FP77, according to the predicted molecular mass of 77.4 kDa resulting after processing by the signal peptidase in the periplasm. For the subsequent assays, the E. coli strains listed in Table 1 transformed with pLAT202 were used. The E. coli strains JK321 (pLAT83), expressing wild-type Bla from the pACYC184 backbone, and JK321(pJM1013), expressing wild-type Bla in addition to FP50, a reporter epitope fused to the AIDA-I autotransporter domain under the control of a strong constitutive promoter, were employed as controls. The expected membrane phenotypes of JK321 harboring pLAT83, pLAT202, or pJM1013 are diagrammed in Fig. 1B .
Targeting of FP77 to the surfaces of E. coli cells. FP77 was expressed in a stable manner in JK321(pLAT202), migrating in SDS-PAGE at approximately 77 kDa, as predicted ( Fig. 2A) . Since protease treatment of physiologically intact cells is a suitable tool for testing the surface exposure of a heterologous passenger domain at the bacterial cell surface (21, 24) , physiologically intact JK321(pLAT202) cells were subjected to trypsin treatment prior to the Western blot analysis. Trypsin azi-6 fhuA23 lacY1 leu-6 mtl-1 proC14 purE42 rpsL109 thi-1 trpE38 tsx-67 ⌬(entD-fepC) 7 UT5600
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FIG. 2. (A)
Expression of FP77 in JK321(pLAT202) as assessed by Western blot analysis. Whole-cell lysates of JK321 and JK321(pLAT202) cells corresponding to the amount of bacteria in 1 ml of a suspension with an OD 575 of 0.1 were subjected to SDS-PAGE (12.5% gel) and subsequent Western blot analysis. The membrane was probed with a Bla-specific antiserum that binds to FP77. Tryptic digestion of physiologically intact cells was performed as described in the text. (B) Expression of FP77 in different E. coli strains. Whole-cell lysates of E. coli strains harboring pLAT202 were prepared and analyzed as described above. FP77 (OmpT), OmpT degradation product of FP77. treatment of JK321(pLAT202) cells resulted in the complete disappearance of FP77, indicating that the Bla moiety of FP77 is exposed on the cell surface.
The stability of the heterologous passenger domain on the bacterial cell surface and the efficiency of translocation across the outer membrane are crucial issues in the process of autodisplay. The outer membrane protease OmpT is known to degrade heterologous passenger proteins displayed by autotransporters on the cell surface (21, 24) , and the presence of the periplasmic oxidoreductase DsbA, required for the efficient formation of disulfide bonds in the periplasm (1), has been shown to hamper the translocation of passenger domains containing stable tertiary structures that contain disulfide bonds (19) . Interestingly, full-length FP77 was expressed in all E. coli strains examined (Fig. 2B) . However, the presentation was most efficient in the ompT strains JK321(pLAT202) and UT5600(pLAT202). In the isogenic strains JCB570(pLAT202) and JCB571(pLAT202), the export of FP77 was more efficient in the dsbA mutant JCB571, whereas no difference was seen between the levels of FP77 expression in freshly transformed JK321(pLAT202) and UT5600(pLAT202). However, a striking instability of FP77 was observed in UT5600(pLAT202) after passaging on solid medium. In contrast, JK321(pLAT202) showed stable FP77 expression even after multiple passages (data not shown). FP77 was completely removed by tryptic digestion of physiologically intact cells in JK321, UT5600, and DH5␣ and was almost completely removed in UT2300, JCB570, JCB571 and XL1-Blue, confirming the surface localization of the Bla moiety (data not shown). The differences observed might reflect distinct phenotypes of the outer membrane.
The subcellular localization of FP77 was examined by the preparation of outer membranes of JK321 cells carrying pLAT83, pLAT202, or pJM1013 using the sarcosyl method (8) . SDS-PAGE revealed that FP50 and FP77 are integrated into the outer membrane, migrating at approximately 50 and 77 kDa, respectively (Fig. 3) . Additionally, the Bla moiety of FP77 is cleaved from the surface of JK321(pLAT202) cells by the action of trypsin, as is the reporter epitope from FP50 in JK321 (pJM1013) cells. The protease-resistant core of the AIDA-I autotransporter domain, migrating at 37 kDa, remains embedded in the outer membrane after trypsin treatment, confirming previous findings obtained with other heterologous passenger domains (24) .
Integrity of the outer membrane of FP77-expressing cells. The integrity of the outer membrane was assessed by a control experiment using the outer membrane protein OmpA as a marker (14, 20) . In cells displaying a high degree of membrane disorder, the periplasmic C-terminal domain of OmpA becomes sensitive to trypsin when whole cells are treated. We subjected JK321 cells expressing FP77 to trypsin digestion in order to monitor membrane integrity. While tryptic digestion of whole cells led to the removal of the Bla moiety from JK321 (pLAT202) cells (Fig. 2) , the molecular weight of OmpA was not altered (Fig. 4) . This experiment was also performed with JK321(pJM1013) cells, leading to the same results (data not shown). These results clearly indicate that the periplasmic domain of OmpA was not affected by the action of trypsin, demonstrating that the outer membranes of JK321 cells expressing FP50 or FP77 are physiologically intact.
Functional surface expression of Bla. JK321(pLAT202) cells were able to grow normally on solid LB medium containing ampicillin (100 mg/liter) when plated at a density of ϳ100 CFU in a volume of 100 l, providing the first evidence for a functional Bla-AIDA-I fusion protein. The growth of the cells was significantly retarded on LB medium containing 200 mg of ampicillin/liter, while no growth could be observed on media containing higher concentrations of the antibiotic.
To distinguish between periplasmic and surface-located activity of this enzyme, we set up an in vivo assay for the cleavage of penicillin G using physiologically intact JK321(pLAT202) cells, since penicillin G penetrates the outer membrane poorly (29) . The following strains were employed as controls: (i) JK321, expressing no Bla, (ii) JK321(pLAT83), expressing periplasmic Bla, and (iii) JK321(pJM1013), expressing periplasmic Bla and high levels of FP50. Control ii allows periplasmic and surface-exposed Bla activity to be distinguished, while control iii permits the detection of potential membrane disorders caused by the artificial AIDA-I fusion proteins. Such disorders FIG. 3 . Surface targeting and protease accessibility of FP77 and FP50. Membrane preparations of E. coli JK321 expressing surface-located Bla (pLAT202) or wild-type Bla (pLAT83 and pJM1013) or of JK321 without plasmid (---) were separated by SDS-PAGE (9% gel) and stained with Coomassie brilliant blue. To determine surface location, the bacterial samples either were subjected to trypsin treatment (ϩ trypsin) prior to membrane preparation or remained untreated (Ϫ trypsin). FP77 and FP50 are marked by arrowheads; the protease-resistant core of AIDA-I migrating at 37 kDa is indicated by an arrow .   FIG. 4 . Protease accessibility of OmpA. E. coli strains JK321 and JK321 (pLAT202) were subjected to trypsin treatment prior to membrane fractionation. Outer membranes were separated by SDS-PAGE (15% gel) and transferred to an Immobilon-P membrane. The filters were probed with the OmpA-specific antiserum AK57, which binds to full-size OmpA migrating at 36 kDa. As a control, the 28-kDa protease-resistant membrane-embedded core of OmpA (OmpA␤) was generated by trypsin treatment of osmotically shocked JK321 cells.
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on November 9, 2017 by guest http://jb.asm.org/ might lead to enhanced diffusion of penicillin G into the periplasm and subsequent degradation by the action of prematurely folded but not exported Bla. Table 2 shows that JK321(pLAT202), displaying Bla on the cell surface, has high whole-cell Bla activity, leading to the rapid cleavage of penicillin G. The whole-cell penicillinase activity of JK321(pLAT202) cells is 148 mU, contrasting with that of the control strains JK321(pLAT83) and JK321 (pJM1013), which express periplasmic Bla and have low levels of whole-cell Bla activity (4 and 11 mU, respectively). However, the Bla activity of JK321(pJM1013) does not differ significantly from that of JK321(pLAT83) despite the higher copy number of the former plasmid and the expression of large amounts of FP50 in the outer membrane. In another experiment, JK321(pLAT202) cells were treated with trypsin before analysis of Bla activity of whole cells. Bla activity was decreased by 95% from that of JK321 expressing FP77 (Table 2) , whereas the low level of penicillinase activity of the control strains remained unaltered. This could also be demonstrated using cephaloridine as the substrate. Interestingly, in this assay, the whole-cell Bla activity of the dsbA ϩ wild-type strain UT5600 (pLAT202) was about twofold higher than that of the dsbA strain JK321(pLAT202), which expressed the same amount of FP77 on the cell surface (Fig. 2B) . The lower whole-cell activity of UT2300(pLAT202) in comparison to UT5600(pLAT202) correlates with the degradation of full-length FP77 by OmpT (Fig. 2B ).
These results demonstrate that the Bla moiety of FP77 is surface exposed in the dsbA strain JK321(pLAT202) and in the corresponding wild-type strains UT5600(pLAT202) and UT2300(pLAT202) and that the fusion of heterologous passenger domains to the autotransporter domain of AIDA-I does not affect the integrity of the outer membrane.
Assessing the enzymatic activity of surface-displayed Bla. According to the model of autodisplay established by Pohlner et al. (30) , surface display of heterologous domains by autotransporters requires the passage of two membranes in a conformation that is compatible for outer membrane translocation. Consequently, it is important to determine what percentage of the molecules in which the passenger domain is displayed on the bacterial surface are functional. To compare the enzymatic activity of the surface-displayed Bla with the purified periplasmic enzyme, the Bla activity of JK321 (pLAT202) cells was determined with cephaloridine as the substrate (Table 2 ). Subsequently, a stock solution of the purified periplasmic enzyme was diluted until the activity of the diluted Bla solution was equal to the activity obtained with the amount of JK321(pLAT202) cells present in 1 ml of a suspension with an OD 575 of 0.1 (ϳ2.5 ϫ 10 8 CFU). The amount of soluble Bla present in the diluted Bla solution was compared semiquantitatively by Western blotting to the amount of FP77 present in 2.5 ϫ 10 8 CFU of JK321(pLAT202) cells. Figure 5 shows that the amount of Bla in JK321(pLAT202) cells (lane 2) is significantly higher than the amount in the Bla solution with the same enzymatic activity (lane 1). The Bla sample with a fivefold-higher concentration of the enzyme (lane 7) shows a signal of the same strength as that in 2.5 ϫ 10 8 CFU of JK321 (pLAT202) cells. According to these data, we estimate the enzymatic activity of surface-displayed Bla to be about 20% of that of purified wild-type Bla.
Influence of cultivation conditions on whole-cell penicillinase activity. To determine the influence of cultivation conditions on the penicillinase activities of cells expressing FP77, bacteria were grown overnight on LB plates containing ampicillin at either 28 or 37°C. Whole-cell penicillinase activity was assessed as described above. Cells grown at 28°C showed a 25% increase in penicillinase activity compared to cells grown at 37°C (Table 2 ). This effect is not due to down-regulation of FP77 expression at 37°C, since the amount of FP77 produced by JK321(pLAT202) grown at 28°C was identical to that of cells grown at 37°C, as shown by Western blot analysis (data not shown). Interestingly, when cells displaying FP77 on the surface were grown in the absence of ampicillin, the whole-cell penicillinase activity was found to decrease significantly (Table  2) . Again, the amounts of FP77 expressed by JK321(pLAT202) grown in the presence and absence of ampicillin were compared by Western blotting and shown to be similar. Thus, the differences observed in whole-cell penicillinase activity are not due to down-regulation of FP77 (data not shown).
DISCUSSION
In this report, we describe the export of an active enzyme to the surfaces of E. coli cells by the autotransporter secretion pathway. The Bla-AIDA-I fusion protein was efficiently targeted to the surfaces of E. coli JK321(pLAT202) cells, and the enzymatically active Bla moiety of FP77 was shown to be surface exposed. This was demonstrated by the accessibility of the Bla moiety to the exogenously added protease trypsin and by monitoring the Bla activity of physiologically intact cells using penicillin G and cephaloridine as the substrates.
Surface display has become a rising focus of interest due to possible applications in biotechnology, biomedicine, and vaccine development. Filamentous bacteriophage have been successfully employed for the display of random peptide libraries (3) and single-chain (scFv) antibodies and combinatorial libraries thereof (15) . Peptide and scFv antibody libraries of high diversity have been established, and screening for appropriate ligands has become very efficient by virtue of highthroughput panning procedures (26) or the selectively infective phage technology (37) . Despite the high degree of sophistication achieved in phage display technology, bacterial systems for surface display offer distinct advantages, including the strict linkage of genotype and phenotype, constant growth under selective conditions, the high copy number of the passenger proteins on the bacterial surface (14, 24) , and the ease of reamplification of selected bacteria expressing peptide libraries on the surface (23) .
For the targeting of an scFv molecule to the surfaces of E. coli cells, the peptidoglycan-associated lipoprotein (PAL) of E. coli has been utilized (11) . The PAL-scFv fusion was located in the periplasm and bound to the murein layer, and after permeabilization of the outer membrane, the scFv became accessible to externally added antigen. Another system for bacterial surface display is based on the C-terminal fusion of a heterologous passenger protein to a genetically engineered hybrid molecule of the major E. coli lipoprotein (Lpp) and the outer membrane protein OmpA (10) . By use of this system, export to the surface of E. coli cells of a number of enzymes, such as Bla and the Cex exoglucanase of Cellulomonas fimi, and of an scFv antibody has been reported (10, 14) . Furthermore, the functionality of all three fusions was demonstrated by the degradation of externally added penicillin G by surfacedisplayed Bla and substrate binding for the Cex exoglucanase and the scFV antibody (10). However, E. coli strains expressing Lpp-OmpA-Bla tripartite fusions have been shown to have major alterations of the outer membrane (14) . As discussed by Georgiou et al. (14) , periplasmic markers, such as the periplasmic domain of OmpA and the peptidoglycan backbone, were accessible from the extracellular space. Thus, in these strains differentiation between periplasmic and surface-located enzymatic activities was not possible.
A third system comprises the fusion of heterologous passenger moieties to autotransporter domains of various proteins that are members of the autotransporter family present in gram-negative species, resulting in the export of the passenger domain to the surfaces of E. coli, Salmonella serovar Typhimurium, and S. flexneri cells. These passenger proteins included CTB (19, 20, 21, 24) , pseudoazurin of Alcaligenes faecalis (36) , MalE and PhoA (38) , and various defined epitopes (24; C. T. Lattemann, unpublished data). Display of functional protein domains has not been demonstrated for this system until recently (39) . A limitation, however, is the incompatibility for the translocation of passenger domains containing extensive tertiary structures such as disulfide bonds (20) . This restriction could be overcome by inactivating the dsbA gene product of E. coli, leading to the export of wild-type CTB fused to the autotransporter domain of the IgA1 protease of N. gonorrhoeae in the dsbA strain JK321 (19) .
The Bla-AIDA-I fusion protein FP77 was efficiently targeted to the surfaces of E. coli JK321(pLAT202) (dsbA ompT) cells and of cells of the corresponding wild-type strain, UT5600 (pLAT202) (dsbA ϩ ompT) irrespective of the disulfide bond present within the Bla moiety. The Bla moiety was clearly shown to be surface exposed and retained functionality on the bacterial surface. Penicillin G is efficiently hydrolyzed by the surface-exposed Bla domain of FP77 in physiologically intact JK321(pLAT202) cells, while JK321(pLAT83) and JK321 (pJM1013) cells expressing periplasmic Bla show low wholecell Bla activity due to the low capacity of penicillin G to diffuse into the periplasmic space (29) . In contrast, the differences observed between surface-located and periplasmic Bla obtained with cephaloridine as the substrate were less prominent due to the enhanced capacity of cephaloridine to penetrate the periplasm. However, trypsin treatment abolished Bla activity in JK321(pLAT202), while the Bla activities of JK321 (pJM1013) and JK321(pLAT83) remained unaltered with regard to the cephaloridine substrate. Thus, these experiments demonstrate that the Bla activity observed in JK321(pLAT202) is surface located and is not due to penetration of penicillin G into the periplasm, as is seen in JK321(pJM1013) and JK321 (pLAT83). In addition, our data indicate that the membranes of E. coli cells expressing AIDA-I fusion proteins remain intact. The whole-cell Bla activity of JK321(pJM1013), expressing large amounts of FP50 in the outer membrane, remains at the same low level as that of JK321(pLAT83) cells, which do not express an AIDA-I fusion protein. Thus, large amounts of AIDA-I fusion proteins inserted into the outer membrane do not appear to cause membrane disorders that might promote the influx of penicillin G into the periplasm. Additionally, the periplasmic domain of OmpA was not accessible to trypsin in JK321 cells expressing FP77 or FP50, providing further evidence that the outer membrane is intact in these strains.
We estimate the activity of surface-displayed Bla in JK321 (pLAT202) cells to be approximately 20% compared with that of purified commercially available TEM-Bla. However, it is difficult to assess the molecular basis of the reduction of enzymatic activity on the cell surface. A decrease in the enzymatic activity of surface-displayed Bla might be caused by conformational changes of the enzyme due to the C-terminal attachment of Bla to the autotransporter domain. Alternatively, only 20% of the surface-exposed Bla molecules might adopt the correct conformation after the translocation process, whereas 80% may remain in an inactive state in JK321(pLAT202). Nevertheless, at this point it is not clear what factors are responsible for the decrease in Bla activity on the cell surface. As discussed above, the activity of the surface-displayed enzyme is about twofold higher in the dsbA ϩ background of UT5600. It is likely that in this strain enzymatically active Bla moieties with pre-formed disulfide bonds are translocated across the outer membrane, leading to enhanced whole-cell Bla activity.
Recently Veiga et al. reported the export of an scFv molecule by the autotransporter domain of the IgA1 protease, demonstrating the binding of E. coli cells expressing the scFv-IgA autotransporter fusion to the cognate antigen of the scFv antibody (39) . Interestingly, binding of cells expressing the scFv molecule was observed only in the presence of the dsbA gene product, although the relative amount of active scFv molecules on the bacterial surface was not quantified. Based on these data, Veiga et al. postulated that the scFv molecule had to fold in a correct manner in the periplasm, prior to translocation across the outer membrane, in order to be functionally expressed on the bacterial cell surface. In contrast, the Bla moiety of FP77 is displayed functionally on the cell surface in a dsbA background, although FP77 is also expressed functionally in the presence of the dsbA gene product. Additionally, the highest rate of expression and stabilization of the full-length gene product was achieved in JK321 (dsbA ompT). Higher expression of FP77 was observed in the dsbA mutant JCB571 in comparison to its parental strain, JCB570. This is in accordance with the findings of Klauser et al., who reported on limitations of the autosecretion pathway with respect to stable tertiary structures of the passenger proteins that form disulfide bonds (20) . In contrast to CTB, where the two Cys residues lie far apart (Cys 9 and Cys 86 ), the two Cys residues of the IgA1 protease domain are separated by 11 residues (30); thus, disulfide bond formation in the IgA1 protease is unlikely to result in bulky tertiary structures capable of interfering with outer membrane translocation. In the case of TEM-Bla, 44 residues are located between the Cys residues forming the disulfide bond. Apparently, these 44 residues do not form an extensive secondary structure (25) . In addition, the AIDA-I adhesin itself appears to be posttranslationally modified, carrying a modification of approximately 18 kDa (2). This characteristic of the AIDA-I autotransporter might account for the ability of the disulfide-containing Bla moiety of FP77 in UT5600(pLAT202) to translocate in a presumably oxidized manner through the pore.
Maurer et al. (24) have reported the release of a heterologous passenger protein by the outer membrane protease OmpT. Interestingly, the Bla-AIDA fusion is only partially released from the surface in an ompT-positive background, indicating that OmpT cleavage sites located in the linker region of the autotransporter domain (24) and Bla were accessible only to a limited extent to OmpT. It is intriguing to speculate that this phenomenon is related to the folding of the surface-displayed Bla, providing protection of the linker region against proteolytic cleavage.
The cultivation conditions have been shown to influence the whole-cell activity of JK321 cells expressing FP77. Cultivation of the bacteria at 28°C significantly enhanced the overall activity of the surface-displayed Bla. This effect might be due to a delayed kinetics of protein folding on the cell surface, thereby promoting the formation of stable, enzymatically active conformations of Bla displayed on the surfaces of JK321 cells. Additionally, higher overall activity was also observed when cells were grown in the presence of the substrate. It is possible that the presence of the ␤-lactam structure in the culture medium facilitates the correct folding of the exported enzyme on the bacterial-cell surface. Another explanation for this effect might be a prolonged half-life of the enzyme in the presence of substrate.
It is noteworthy that the expression of FP77 enables JK321 (pLAT202) cells to grow on solid medium in the presence of ampicillin (100 mg/ml). It has been reported that Bla secreted by the ␣-hemolysin secretion apparatus retained functionality but did not protect the cells significantly against the action of ampicillin (4) . JK321(pLAT202) cells might be resistant to ampicillin because functional ␤-lactamase displayed on the surface is able to degrade the ␤-lactam before it reaches the periplasm by diffusion through the porins. Another hypothesis might be that residual Bla activity in the periplasm, resulting from proteolytic degradation of FP77, might protect the penicillin binding proteins from inactivation by the antibiotic.
Our data suggest that autodisplay using the autotransporter domain of AIDA-I is a promising tool for various approaches in biotechnology and biomedicine, demonstrating that, in addition to the export of peptides, proteins retaining their enzymatic activity can be displayed successfully on the bacterial cell surface. Therefore, surface display might be an efficient way to present complex proteinaceous antigens on the surfaces of cells of bacterial live-vaccine strains, since the display of conformational epitopes might be more advantageous than the insertion of antigenic polypeptides into loops of outer membrane proteins (17) or into flagellin (28) . Biological activity of proteins exported by autotransporters (36, 38) has not been demonstrated so far. The lack of biological activity of surfacedisplayed passenger proteins is likely due to the structural complexity of the passenger domains examined in addition to the limitation with regard to disulfide bonds. Thus, the rational selection of passenger domains may provide further information about the mechanisms that define the translocation capability of the passenger.
